Abstract: S5 0716+714 is a well-studied BL Lac object in the sky. Verifying the existence of correlations among the flux variations in different bands serves as an important tool to investigate the emission processes. To examine the possible existence of a lag between variations in different optical bands on this source, we employ a discrete correlation function (DCF) analysis on the light curves. In order to obtain statistically meaningful values for the cross-correlation time lags and their related uncertainties, we perform Monte Carlo simulations called "flux redistribution/random subset selection" (FR/RSS). Our analysis confirms that the variations in different optical light curves are strongly correlated. The time lags show a hint of the variations in high frequency band leading those in low frequency band of the order of a few minutes.
Introduction
Blazars include BL Lacertae (BL Lac) objects and flat spectrum radio quasars (FSRQs). They are the most extreme class of active galactic nuclei (AGNs) and exhibit strong variability at all wavelengths of the whole electron-magnetic (EM) spectrum, strong polarization from radio to optical wavelengths, and are usually core dominated radio structures. These extreme properties are generally interpreted by many authors as a consequence of non-thermal emission from a relativistic jet oriented close to the line of sight (Blandford and Königl 1979; Urry and Padovani 1995) . Blazars vary on the diverse time scales (Gupta et al., 2008 and references therein) . Variability has been one of the most powerful tools in revealing the nature of blazars. Understanding variation behaviour is one of the major issues of AGNs studies. The variability lags between different energy bands provide very important constrains for the interpretation of the emission components. In recent years, correlations of the variability in different energy regions have been widely studied (Raiteri et al. 2001 Dai et al. 2006; Marshall et al. 2008; Arévalo et al. 2008; Chatterjee et al. 2008; Villata et al. 2009; Bonning et al. 2009 ).
The radio source S5 0716+714 is one of the brightest and best-studied BL Lacertae objects. It was discovered in 1979 (Kühr et al. 1981) , and was classified as a BL Lac object because of its featureless spectrum and its strong optical polarization (Biermann et al. 1981) . By optical imaging of the underlying galaxy, its redshift of z = 0.31±0.08 was derived recently (Nilsson et al. 2008) . It is a highly variable BL Lac object in the whole EM spectrum on diverse time scales Ghisellini et al. 1997; Raiteri et al. 2003; Pian et al. 2005; Bach et al. 2005 Bach et al. , 2006 Nesci et al. 2005; Ostorero et al. 2006; Montagni et al. 2006; Foschini et al. 2006; Wu et al. 2007; Wagner et al. 1996; Stalin et al. 2006) . The correlations and time lags between different energy bands in this source have been studied by some authors. A correlation was claimed for a selected range of data at 6 and 3 cm wavelengths, and optical wavelengths by Quirrenbach et al. (1991) . But 2 cm data from the same epoch published later by Quirrenbach et al. (2000) does not show evidence for correlated variability, casting doubt on the reliability of the claimed correlation between radio and optical bands (Bignall et al. 2003) . A good correlation was noticed between the light curves in the different passbands (Sagar et al. 1999 ). An upper limit to the possible delay between B and I variations (10 minutes) was determined by . With the data taken on January 8, 1995, Qian et al. (2000) found an upper limit of the time lag of 0.0041 days between variations in the V and I bands. Raiteri et al. (2003) found that the variations between different radio bands are very correlated, and the flux variations at the lower radio frequencies are delayed with respect to those at the higher frequencies. They also found weak correlations between the optical and radio emissions. Stalin et al. (2006) analyzed two night data, found that V and R are correlated with a small time lag (about 6 and 13 minutes, respectively, for April 7 and 14, 1996) and the variation at V leading that at R on both nights. Chen et al. (2008) studied the gamma-optical correlation. Their result suggested a possible delay in the gamma-ray flux variations with respect to optical (R band) variations of the order of 1 day. Fuhrmann et al. (2008) confirmed the existence of a significant correlation across all their observed radiobands. The time delay between the two most separated bands (λ3mm and λ60mm) is about 2.5 days. It must be noted that the time delay of 2.5 days is determined from an almost monotonic increase in flux density observed over a time range of 11 days.
The determination of time lag can be used to study the geometry, kinematics and physical conditions in the inner regions of AGNs. This is attributed to light travel-time effect . It is very important to search for detectable delays between optical bands themselves, even if these can be expected to be very small, if any. Our goals in this paper are to investigate the correlations between different optical light curves. The paper is arranged as follows: in Sect. 2, the light curves are presented; then in Sect. 3, the correlations and the time lags between different optical passbands are presented; after this, the discussion and conclusions are given in Sect. 4.
Light Curves
S5 0716+714 is a well-monitored object. It has been observed in various multi-frequency campaigns Sagar et al. 1999; Villata et al. , 2008 Stalin et al. 2006 ). In addition, Ghisellini et al. (1997) presented the results of their optical observations between Nov. 15, 1994 and Apr. 30, 1995 . Qian et al. (2002 To search for the lags between different optical bands, one needs well-sampled and high-quality datasets. Examining the datasets mentioned above, we find the optical photometry presented by Gu et al. (2006) provided a possibility to determine the time lag. The source was observed quasi-simultaneously in four passbands and the overall observations span about 140 days. Each optical light curve in the BVRI bands is well-sampled. Furthermore, the source exhibited strong variability during the observations.
The detailed statistics of these data are listed in Table 1 . The first column represents the bands, the second represents the numbers, the third represents the mean values, the fourth represents the standard deviations, the fifth represents the largest variations and the last represents the median interval of the data points. The light curves of different passbands are displayed in Fig. 1 . They are very similar but different amplitudes. In the light curves, there are some significant substructures. Because of the large time scale, most independent variations cannot be seen. To illustrate the fine structures of variations, Fig. 2 shows the light curves during JD 2,452,958-2,452,970. It is clear that the source does not undergo a monotonic increase between JD 2,452,958 and 2,452,970. The data contains many more variations than those indicated by Fig. 1 . The source exhibits independent variation almost every night. 3 Correlation Analysis
Discrete Correlation Function Method
The discrete correlation function (DCF) was introduced by Edelson and Krolik (1988) . It is a useful method of measuring correlation, and it does not require interpolating in the temporal domain. This method can not only provide the correlation of two series of unevenly sampled variability data with the time lag, but also give the evidence of periodicity that lies in a single temporal data set. Its other advantages are that it uses all the data points available and calculates a meaningful error estimate. Our first step is to calculate the set of un-binned discrete correlations (UDCF) between each data point in the two data streams. It is defined as follows:
where ai and bj are points of the data sets a and b, a and b are the means of the data sets a and b, σa and σ b are the standard deviations of each data set. Each of UDCF is associated with the pair-wise lag ∆tij = tj − ti. Then we average over the M pairs for which τ − ∆τ /2 ≤ ∆tij < τ + ∆τ /2, and obtain DCF:
where M is the number of pairs in the bin. When a = b, the autocorrelation DCF is produced, and when a = b, the cross-correlation DCF is measured. In most case, the evident peak in the cross-correlation function means a strong correlation between two data series, and the peak in the autocorrelation DCF implies a strong period in the data set. The standard error for each bin is defined as 
In order to obtain statistically meaningful values for the cross-correlation time lags and their related uncertainties, it is common usage to calculate the centroid τc of the DCF, given by
where sums run over the points which have a DCF value close to the peak one (DCFi > 0.8DCF peak ), then perform Monte Carlo simulations known as "flux redistribution/random subset selection" (FR/RSS) described in detail by Peterson et al. (1998) and Raiteri et al. (2003) . Random subsets of the two datasets to be correlated are selected, redundant points are discarded, and random gaussian deviates constrained by the flux errors are added to the fluxes; Thus, the influence of both uneven sampling and flux density errors is taken into account. In each simulation, the two subsets are then cross-correlated and the centroid τc of the DCF peak is determined. After a large number of simulations (generally 500∼2000), the cross-correlation peak (actually, the centroid) distribution (CCPD) is obtained. As the measures of the time lag and its uncertainties, τ median and ±∆τ68 can be computed directly from the CCPD, where ±∆τ68 corresponds to 1σ errors for a normal distribution (Peterson et al. 1998 ).
Result
According to the above method, we calculate the discrete correlation function (DCF) between different optical bands to search for correlations and possible time lags. Between the B and I band light curves, the median interval time is 6.3 minutes. The DCF result computed with a bin size of 10 minutes is shown in Table 2 . The first column gives the band, the second one gives the median time interval of two bands, the third one gives the possible delay and the last one gives the mean value of DCF peak s. The results suggest the existence of significant correlation among BV RI band light curves and the higher frequencies varying earlier.
Discussion and Conclusions
It is well known that the light curves between variant wave bands may have a short time lag. According to the inhomogeneous jet models, time delays are expected between the emission in different energy bands, 1.1 ± 0.1 as plasma disturbances propagate downstream (Georg-anopoulos an 1998). Multi-wavelength monitoring of blazars shows that flares usually begin at high frequencies and then propagate to lower frequencies, implying that highfrequency synchrotron emission arises closer to the core than low-frequency synchrotron emission does (Ulrich et al. 1997; Marscher 2001 ). High energy electrons emit synchrotron radiation at high frequencies and then cool, emitting at progressively lower frequencies and resulting in time lags between high and low frequencies (Bai and Lee 2005) . The small time lags in optical regimes may be result of very small frequency intervals, and may indicate that the photons in these wavelengths should be produced by the same physical process. The above results have been obtained with a lightcurve time resolution of the same magnitude as the possible lag. To check the method and the result mentioned above, we calculate the B-B band autocorrelation DCF (Fig. 5) . The result of Monte Carlo simulations suggests that the time delay is −0.0 Table 3 . The first column is for the shifted time , the second to the last are for the lags of B-B shif t , V -V shif t , R-R shif t and I-I shif t determined by the method introduced above. From the results listed in Table 3 , one can see that the lags between two correlated light curves can be well determined. In addition to shifting the light curves to calculate the displaced Auto-DCF peaks, we shift the light curves with respect to those at each other wavelength by the time lags determined. The resulting DCFs are more consistent with zero lag. So, the time lags between different optical BV RI band light curves are more reliable. The time lag of 10.2 minutes between variations of B and I band is consistent with the result found by . They derived an upper limit of 10 minutes between B and I variations. The 5.8-minute lag between the band V and I is in good agreement with the 0.0041-day lag determined by Qian et al. (2000) . For the V and I band variations, Stalin et al. (2006) reported time lags of about 6 and 13 minutes on two individual nights. Between the V ′ and R ′ band variations, Wu et al. (2007) obtained the lags of 2.34 ± 5.25 minutes on JD 2,453,737 and -0.01 ± 1.88 minutes on JD 2,453,742. Because the time lags are very short, shorter than their typical sampling interval, they concluded that they did not detect an apparent time lag. In this analysis, it also must be pointed out that the time lags between the different optical bands are of the same orders of the light-curve time resolution, and the uncertainties are larger than the lags. So, the lags should be treated with caution, and much more significant results can be achieved only with much denser monitoring data. Two ways were suggested by to improve the time resolution of the light curves, one way is to enlarge the telescope, another is to synchronized use two or more telescopes.
In summary, the variations between different optical bands have been analyzed and the time lags and their uncertainties are convincingly determined. The results suggest that the variations are correlated very strongly. Considering the errors, every one of the values agrees with zero-lag well. While looking at the whole set of lags, it is possible to say that there is a hint of the variations of high frequency bands leading those of low frequency bands in the order of a few minutes.
